Purpose: Little is known about the epidemiology and carbapenem-resistance determinants of carbapenem-resistant K. aerogenes (CRKA) isolated from a single medical center. The present study was initiated to characterize the molecular epidemiology and the carbapenemresistance mechanisms of CRKA isolated during 2012-2018 from a teaching hospital in southwest China, and to investigate the risk factors and clinical outcomes of CRKA infections as well. Methods: Pulsed-field gel electrophoresis (PFGE) was employed for epidemiological analysis. PCR amplification and DNA sequencing were used to examine the antibiotic-resistance determinants. Plasmids were extracted and characterized by PCR-based replicon typing and conjugation assays. In order to further investigate the risk factors and clinical outcomes of CRKA infections, a retrospective case-control study was also performed. Results: PFGE analysis showed 32 different PFGE patterns among the 36 non-duplicated CRKA strains collected. Most of the isolates harbored multi-drug resistance (MDR) genes, including 2 (5.6%) carrying bla NDM-1 , 1 (2.8%) harboring bla KPC-2 , 13 (36.1%) carrying ESBL genes, 23 (63.9%) carrying ampC genes, 34 (94.4%) carrying quinolone resistance determinants (QRD) genes and 9 (25%) carrying aminoglycoside resistance determinants (ARD) genes. The outer membrane porins, OmpE35 and OmpE36, were, respectively, lost in 4 and 2 isolates. The efflux pump inhibition experiments were positive in 25 (69.4%) of the CRKA strains. Multivariate analysis indicated that hypo-albuminaemia, invasive procedures, and carbapenem exposure were independent risk factors for acquiring CRKA infections. Conclusion: No clonality relationship was identified among most of the 36 CRKA isolates. The over-expression of ESBLs and AmpC coupled with the efflux pumps contributed to carbapenem resistance in K. aerogenes. Additionally, this is the first report of CRKA isolate co-harboring bla NDM-1 , bla CTX-M-15 , bla EBC , bla ACC , acc (6ʹ)-Ib, armA, qnrD and loss of OmpE36 in China. Hypo-albuminaemia, invasive procedures and carbapenem exposure were associated with acquisition of CRKA infections. Keywords: case-control study, bla NDM-1 , bla KPC-2 , porins, efflux pumps
ESBL hyper-producing isolates. 1 Unfortunately, since the introduction of carbapenems into the clinical practice, nosocomial infections caused by carbapenem-resistant Enterobacteriaceae (CRE) have been increasing rapidly and posing serious challenges to the clinical management of infections caused by the gram-negatives. 2 To help direct research and development efforts toward the production of novel drugs, CRE was recently listed as one of the three critical-priority pathogens by the World Health Organization (WHO). 3 Klebsiella aerogenes (K. aerogenes), formerly described as Enterobacter aerogenes, is a gram-negative, rod-shaped, facultative anaerobic bacteria belonging to the family Enterobacteriaceae. 4 It is an important nosocomial pathogen associated with a wide variety of infections including pneumonia, bacteremia, urinary tract and surgical site infections. 5 Most importantly, K. aerogenes exhibited MDR phenotype during various hospital outbreaks. 5, 6 Although K. aerogenes belongs to the family Enterobacteriaceae, its resistance mechanisms against carbapenems remain relatively unclear due to the limited amount of work performed to date in this field. With the successive and increasing isolation of CRKA in our center in recent years, and the limited amount of work performed to date in CRKA, more attention has been evoking concerning its molecular epidemiology and carbapenemresistance mechanisms. The present study was initiated to characterize the molecular epidemiology and the carbapenem-resistance mechanisms of CRKA isolated during 2012-2018 from a teaching hospital in southwest China, and to investigate the risk factors and clinical outcomes of CRKA infections as well.
Previous studies showed that carbapenem resistance in K. aerogenes mainly arises from the over-expression of ESBLs or AmpC enzymes coupled with mutations affecting membrane permeability. 7 Carbapenemases, such as KPC, NDM, and OXA-48, have also been reported in clinical K. aerogenes isolates from different countries. [8] [9] [10] However, the risk factors, molecular epidemiology, and clinical outcomes pertaining to CRKA infections in a single medical center have not been systematically characterized. The present study was initiated: (i) to describe the prevalence of clinical CRKA isolates collected successively for approximately 6 years; (ii) to identify the carbapenem-resistance mechanisms and the clonal relatedness among CRKA strains; and (iii) to characterize the risk factors and clinical outcomes associated with the acquisition of CRKA infections.
Materials and Methods

Bacterial Strains
This retrospective study was performed in the First Affiliated Hospital of Chongqing Medical University, a 3200-bed tertiary hospital located in Southwest China. A total of 892 clinical K. aerogenes strains were isolated and identified from January 2012 to December 2018 by using the VITEK2 compact or VITEK MS (bioMerieux, Hazelwood, MO, United States) automated system at the department of laboratory medicine, among which 36 strains were resistant to at least one carbapenem on the basis of antimicrobial susceptibility testing results determined by the broth microdilution method, with the criteria of MIC of ≥2 mg/L for ertapenem, ≥4 mg/L for imipenem, and ≥4 mg/L for meropenem; and 5 strains were intermediate to at least one carbapenem, with the criteria of MIC of = 1 mg/L for ertapenem, = 2 mg/L for imipenem, and = 2 mg/L for meropenem (Supplementary Figure 1) . Only the first isolate from each individual patient was included in this study.
Antimicrobial Susceptibility Testing and Activity of the Efflux Pumps
Initial antibiotic susceptibility testing was performed by using the VITEK2 compact (bioMerieux, Hazelwood, MO, USA) automated system. MICs of ertapenem (ETP), imipenem (IPM), and meropenem (MEM) were reassessed manually using the broth microdilution method and the results were categorized in accordance with the Clinical and Laboratory Standards Institute, M100-S28 (CLSI M100-S28) interpretive criteria. The activities of the efflux pumps were examined by comparing the MICs to carbapenems among resistant isolates in the presence and absence of carbonyl cyanide m-chlorophenylhydrazone (CCCP) as an efflux pump inhibitor. At least a two doubling dilution decrease in the resistance level was considered a positive result. 10 K. aerogenes ATCC13048 was used as the reference strain.
PFGE
The molecular epidemiology of all the CRKA strains was determined by pulsed-field gel electrophoresis (PFGE) after total chromosomal DNA digestion with XbaI in accordance with a previous report. 11 The genomic DNA restriction patterns of the isolates were analyzed and interpreted according to the previously proposed criteria. 
Detection of Antibiotic Resistance Genes
Conjugation and Plasmid Replicon Typing
To confirm whether the carbapenemase genes were located on the plasmids, the carbapenemase-producing strains were collected and conjugation experiments were performed according to the previously described method. 15 All the carbapenemase-producing strains were served as the donors, while the E. coli EC600 was employed as the recipient strain. Potential transconjugants were isolated on Mueller-Hinton agar plates containing 8 mg/L ertapenem and 256 mg/L rifampicin. The transconjugants were tested for antimicrobial susceptibility by the VITEK2 compact system, and the presence of resistance determinants was confirmed by PCR. Additionally, all CRKA strains plasmids were determined by using the PCR-based replicon typing method as described previously. 16 
Risk Factors and Clinical Outcomes of CRKA Infections
We conducted a retrospective case-control study to explore the risk factors and clinical outcomes of patients infected with CRKA from 2012 to 2018 in Chongqing, China. All hospitalized patients with K. aerogenes infections were included. Patients with CRKA infections were included as cases. Controls were identified as patients with carbapenemsusceptible K. aerogenes (CSKA) infections with wellbalanced demographic characteristics, pre-existing medical conditions, and immune-compromising comorbidities as compared with the cases. Clinical and epidemiological data, including the demographics, underlying diseases, the primary diagnosis at admission, invasive procedures prior to the isolation of CRKA, previous exposures of antibiotic within 3 months, and the clinical outcomes, were extracted from the patients' electronic medical records system and clinical microbiology laboratory database.
Statistical Analysis
All analyses were performed using SPSS v. 
Ethical Considerations
The data and samples analyzed in the present study were obtained in accordance with the standards and approved by the Chongqing Medical University Institutional Review Board and the Biomedical Ethics Committee. For this study, samples were collected at the microbiology laboratory of our hospital, with no contact with the patients. This study was retrospective and there was no patient identification performed during data collection. Therefore, the ethics committee determined that informed consent was not required.
Results
General Characteristics and Antimicrobial Susceptibility Profiles of 36 CRKA Isolates
During the 6-year period of the study, a total of 36 strains, which are resistant to at least one of the carbapenems tested (ertapenem, imipenem and meropenem), were isolated as CRKA. As shown in Table 1 , these non-duplicated strains were mainly isolated from urine (10/36; 27.8%), followed by drainage-liquid (9/36; 25%), sputum (4/36; 11.1%), and bile (3/36; 8.3% 
Characterization of the Molecular Epidemiology of the 36 CRKA Isolates
The characteristics of the molecular epidemiology of the 36 CRKA strains are displayed in Figure 1 . All the 36 CRKA isolates were grouped into 32 different PFGE patterns and exhibited a high degree of genetic diversities. While 8 isolates were grouped into 4 different PFGE patterns, with two individual isolates showing almost the same typing, the left 28 isolates belonged to 28 different PFGE patterns. Most notably, the two isolates (No. 8 and No. 9) belonging to pattern 20 were shown to be isolated from the same ward during the same time period. Nevertheless, the two isolates belonging to patterns 5, 22 and 23, respectively, were isolated from different wards.
Analysis of Molecular Resistance Mechanisms
Of the 36 CRKA isolates, 3 (8.3%) were identified as carbapenemase-producers: 2 (5.6%) with bla NDM-1 , and 1 (2.8%) with bla KPC-2 . In addition, these CRKA isolates showed relatively higher expression rates for ESBL ( 
Conjugation and Plasmid Replicon Typing Analysis
Conjugation experiments showed that the transconjugants were obtained from two strains carrying bla NDM-1 at frequencies of 2×10 −5 per recipient cell, while no transconjugants were obtained from the bla KPC-2 -carrying strain. Susceptibility testings (Table 2) confirmed that the transconjugants exhibited resistance to the tested carbapenems and cephalosporins, and demonstrated significantly reduced susceptibilities to aminoglycosides, while remained susceptible to fluoroquinolones. PCR assays indicated that bla NDM-1 , bla TEM , bla CTX-M-15 , acc(6ʹ)-1b, and armA were successfully transferred by conjugation (Table 2) . On the other hand, PCR-based replicon typing revealed that the CRKA plasmids belonged to the groups IncHI-1 (n =11), IncFIIAs (n = 4), IncY (n = 3), IncA/C (n = 2), IncN (n = 1), and IncFIC (n = 1) ( Table 2) .
Risk Factors and Clinical Outcomes of CRKA Infections
The risk factors and outcomes of patients with CRKA infections are shown in (11.1%) patients infected with CRKA and 5 (3.8%) patients infected with CSKA died during hospitalization, and no significant difference in in-hospital mortality rate was observed between the two groups.
Discussion
Despite the fact that Enterobacter cloacae is now the most frequently isolated Enterobacter sp. in clinical settings and the species expressing the widest panel of new β-lactamases or carbapenemases, K. aerogenes more easily causes septic shock in infected patients, is associated with higher mortality (39% of patients), shows greater virulence, and have a broad ability to acquire antibiotic resistance mechanisms. 4 Consequently, the issue of CRKA infection deserves particular attention. Our main findings of the present study were presented as follows: First, previous studies indicated that the mechanisms underlying carbapenem resistance in K. aerogenes were carbapenemase-independent and were attributed to both AmpC β-lactamase over-expression and mutations affecting membrane permeabilities. 4 However, in this study, we have demonstrated that carbapenem resistance in K. aerogenes was mainly associated with the over-expression of ESBLs and/or AmpC enzymes coupled with the efflux pumps, highlighting that efflux pump inhibitors (EPIs) could be used as an antibiotic adjuvant in CRKA infections. Of note, while the prevalence of carbapenemases was particularly low (3/36, 8.33%) in CRKA isolates, those carbapenemase-producing strains, which also co-expressed other drug-resistance determinants, showed the highest MICs for multiple antibiotics. Notably, even though no specific carbapenem-resistance mechanisms were detected, ten isolates (ESBL only, n=1; AmpC only, n=6; none, n=3) showed MIC values of ≥2 mg/ L for ertapenem (Table 1) , and the possible carbapenemresistance mechanism might be due to mutations in penicillinbinding proteins (PBPs). To the best of our knowledge, this is also the first report on CRKA isolate co-harboring bla NDM-1 , bla CTX-M-15 , bla EBC , bla ACC , acc (6)-Ib, armA, qnrD with loss of ompE36 in China. Second, we performed conjugation experiments on carbapenemase-producing strains, and found that all the bla NDM-1 plasmids could be successfully transferred by conjugation. But the repeated transfer of bla KPC-2 was unsuccessful. The most plausible explanation of this result is that bla NDM-1 was carried on self-transmissible plasmids, while bla KPC-2 was located on non-selftransmissible plasmids or on the chromosome. Previous studies have shown the emergence of bla NDM-1 in China, with most of them being carried on the IncFIIAs-type plasmids. 17 In this study, plasmids from all the bla NDM-1 -carrying strains (including those in the donors and the transconjugants) also belonged to the plasmid replicon type IncFIIAs. In addition, the plasmids containing bla KPC-2 were un-typable. It is worth noting that multiple resistance genes were found to be co-expressed in the same self-transmissible plasmids, which might have allowed the accumulation and spread of multiple drugresistance determinants. Third, no clonality relationship was identified among most of the CRKA isolates. Therefore, the prevalence of these CRKA isolates could not be attributed to the spread of clonal dissemination. Interestingly, the two bla NDM-1 -carrying isolates belonging to the PFGE pattern 20 were isolated from the same ICU ward in October 2014. This local spread from patient to patient appears to be caused by inadequate attention to infection control measures, especially handwashing.
Fourth, we initially performed an epidemiological investigation to assess the clinical predictors and outcomes for CRKA infections. In this retrospective case-control study, hypo-albuminaemia, drainage tube use, urinary catheter use, and previous carbapenem exposure were demonstrated to be independently associated with CRKA infections. One possible explanation for hypo-albuminaemia as an independent risk factor may be due to the hosts' poor immunity and functional status. Moreover, the invasive medical procedures might have destroyed their natural barrier functions, promoted the formation of microbial biofilms, and possibly led to catheter-related infections, thus increasing mortality in these patients. 18 Given that invasive procedures such as the use of drainage tube and urinary catheter were potential risk factors, infection control measures preventing the microbial colonization of the insertion sites are necessary. In addition, our study identified carbapenem exposure as being associated with CRKA infections for case patients, in agreement with previous reports on the assessment of CRE. 19 One possibility is that inappropriate antibiotic therapy may disrupt the gastrointestinal microflora and eradicate susceptible competing strains, thus elevating the incidences of CRE infections. 20 Considering that patients receiving carbapenem treatment may be exposed to further risk for CRKA isolation, it is crucial to maintain an effective administration of antimicrobial agents to avoid their further spread. Many outbreaks of CRE have been described in ICUs, where there were more patients with severe underlying diseases, thus conferring a greater possibility of contaminating life support equipment. Moreover, use of broad-spectrum antibiotics can further place patients at higher risk for poor outcomes. 21, 22 However, admission to ICU was not demonstrated to be a significant risk factor. This could be explained by the limited cases in our study. For the clinical outcomes, our results demonstrated a significant difference in total length of stay between case and control group, probably due to the fact that the patients infected with CRKA were generally at a higher risk of poorer outcomes than those with CSKA infections. Unexpectedly, no statistical significance was observed in in-hospital mortality, probably due to the small size of CRKA cases in our study. Our study had several limitations. First, we did not perform real-time reverse transcription PCR to determine the levels of expression of outer membrane porins and efflux pumps in mRNA levels. Second, the significance of specific sequence types (STs) of CRKA remains unknown, and MLST is still needed for understanding the characteristics of each CRKA isolate. Finally, this was a retrospective single-center case-control study with a relatively small sample size, and our results might not be applicable to other settings.
In conclusion, this study provided the first comprehensive report of molecular epidemiology, carbapenem-resistance mechanisms, and risk factors for CRKA infections over a sixyear period in one medical center. Our data showed that the production of ESBL and/or AmpC enzymes coupled with the efflux pumps was the main carbapenem-resistance mechanism for CRKA. As far as we know, this is the first report on MDR K. aerogenes isolate co-harboring bla NDM-1 , bla CTX-M-15 , bla EBC , bla ACC , acc (6ʹ)-Ib, armA, qnrD with loss of OmpE36 in China. In addition, our findings showed that hypo-albuminaemia, invasive procedures such as drainage tube and urinary catheter use, and previous carbapenem exposure could be independently associated with the CRKA infections. Therefore, appropriate antimicrobial therapy and strict infection control measures are critical to reduce the frequency of CRKA infections.
